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Abstract 
This study describes the synthesis and characterization of a layered material Ca-Al-
CO3 as CO2 sorbent at medium-high temperature conditions. The Ca-Al mixed oxides 
were prepared by co-precipitation of binary metal nitrates, i.e., Ca(NO3)2 and Al(NO3)3 
under alkaline pH condition, and the concentration of calcium oxide was increased by 
varying the molar ratio of Ca/Al at 1, 3, 5, 7, 13 and 20. Sodium carbonate was utilized 
as a structural template for conducting the layered structure of Ca-Al carbonate. It was a 
simple way to synthesize Ca-Al-CO3 composites with at least 45-50 wt% CaO 
microcrystalline by 100~200°C hydrothermal treatment.  
The characteristics of Ca-Al-CO3, such as surface area, morphology/particle size, 
crystalline and CaO contents, were determined by BET, SEM, PXRD and ICP, 
respectively. CO2 multiple-cycle sorption activities on the sorbent were performed by a 
TGA. The major results showed that a synthesized Ca-Al-CO3 was predominately 
mesoporous and its surface area was intensely dependent on precursors. In addition, a 
crucial result indicated that the microstructure of Ca-Al-CO3 was improved by using 
calcium acetate, Ca(Ac)2, instead of calcium nitrate, and thus further enhanced CO2 
sorption performance. By using this sorbent, a significant breakthrough is achieved for 
capturing CO2 from hot gas streams at temperature higher than 600°C, which includes 
the features of 90% initial carbonation conversion and 90% CO2 capturing performance 
after 100th cycling tests. The sintering effect of Ca-Al-CO3 due to alternative gas 
adsorption/desorption reactions was obviously retarded by incorporating Al2O3 and 
carbonate ions into microscopic structure of synthesized calcium-alumina oxide. 
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1.  Introduction 
Carbon dioxide (CO2) is so far the most abundant green house gas (GHG), which is 
continually contributed from present coal-fired power plants. Due to being a large CO2 
emitter, the development of a conversion technique for concentrated CO2 from gaseous 
stream into fixed carbonates (e. g. CaCO3) under high temperature condition makes an 
attractive route. Alkaline solids adopted for medium-high temperature CO2 sorbents have 
several potential merits, such as highly capacity, rapid kinetics, repeatedly cycling use 
and environmental compatibility(1). Wherein, Ca-based oxides are a kind of promising 
sorbent used to exploiting applicable process for thermal CO2 capture for recent years(2). 
At ambient pressure condition, diluted CO2 source is further enriched by a basically 
alternative adsorbed/desorbed reaction on CaO surface corresponding to 
carbonation/calcinations steps. Calcinations of above-mentioned spent CaO became a 
consequential treatment for re-acquiring CO2 carrying capacity. As a result, sintering 
effect occurred in the innermost particles turns the major challenge into rapid decrease of 
utilization of Calcium oxide based sorbent due to poor heat transfer developed within 
nascent CaO structure(3). For the extended stability of sorbents, a lot of efforts were 
issued by ameliorating material characteristics or employing steam activation for spent 
sorbent. For example, a typical nano-sized CaO with mean size of 40 nm was 
investigated to undergo 100 carbonation/calcinations cycles, the result showed that initial 
conversion approached to 90% but a residual conversion of 20% happened at 20 min(4). 
The influence of calcinations condition on CO2 carrying capacity by steam-treated CaO 
was examined using commercially available limestone; which indicated both sintering 
and trace element impurity caused the loss of activity(5). Consequently, naked CaO 
suffers from an intrinsic drawback toward sintering-resistance of CaCO3. 
The coverage of Calcium carbonate on CaO surface during exothermic carbonation 
reaction is a substantial reason why their activities decay. To offset this drawback, it is 
indispensable for discussing of a feasible way toward separation of CaO aggregates by 
incorporating another co-existed ion. Nano-sized CaO embedded on Al2O3 support(6), 
with surface area above 100 m2/g, can afford initial CO2 conversion, and particularly a 
new stable substance (Ca12Al14O33) was formed at 800oC accompanied with a 
considerable improvement of 87% conversion acquired after 50th cycling runs at 650-
800oC. Recently, utilization of a layered material with hydrotalcite-like structure named 
Layered double hydroxides (LDHs) as thermal CO2 sorbent has gradually became an 
interesting method. This material has unique features containing of both divalent ions 
(Mg2+, Ni2+, Zn2+, Cu2+, Mn2+) and trivalent ions (Al3+, Fe3+, Cr3+), which are co-
precipitated under alkaline condition, wherein carbonate anion (CO32-, SO42-, NO3-, Cl-, 
OH-) are inserted between adjacent layers. Being a sorbent, CO2 adsorption capacity on 
Mg+2 or Ca+2 and their thermal evolution of structure play a key role. According to 
previously studies(7), the CO2 adsorption capability with Ca-Al-CO3 was found to be 
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obviously larger than that of Mg-Al-CO3, which brought the LDH-derived structure upon 
following development. 
In this study, a series of CaO/Al2O3 mixed oxides were synthesized with increasing 
of Ca/Al molar ratio at times of 1-20. The microscopic characters associated with 
structure, crystalline, morphology and thermal evolution of Ca-Al-CO3 were examined at 
reasonable condition. This sorbent was used as a CO2 sorbent and multi-cycling tests of 
repeatedly CO2-capture-release experiments were conducted by TGA at temperature 
higher than 750oC. 
2. Experimental  
Materials and methods  
Ca(NO3)2?4H2O, Ca(Ac)2?H2O, Al(NO3)3?9H2O, NaOH and Na2CO3 were 
purchased from Merck Co. 
Ca/Al Layered Double hydroxide (LDH) named Ca-Al-CO3 was synthesized by co-
precipitation method of Ca-source I: Ca(Ac)2?H2O (or Ca(NO3)2?4H2O) and Al-source 
II: Al(NO3)3?9H2O with different molar ratio of I/II at 1:1, 3:1, 5:1, 7:1, 13:1 and 20:1. 
For the example of 1:1 Ca-Al-CO3, equal mol of Ca(Ac)2?H2O and Al(NO3)3?9H2O 
were mixed in 100 mL deionized water. Another solution was prepared by dissolved of 
0.16 mol NaOH and 0.01 mol Na2CO3 in 100 mL deionized water, and then added slowly 
into Ca/Al solutions. A Ca-Al-CO3 LDH was formed at room temperature (30oC) or 100-
200oC hydrothermal treatment under basic condition, then was separated by filtration and 
100oC drying in oven. Calcined Ca-Al-CO3 LDH was obtained by 600oC treatment for 4 
hours.  
The characters of calcined Ca-Al-CO3 were determined by BET (Quantachrome 
NOVA 4200), SEM (JEOL JSM-T330A), PXRD (Bruker D8) and ICP (Horiba JY, 
ULTIMA 2) analyzer.  
 
CO2 sorption experiment  
The investigation of CO2 sorption/de-sorption activities on calcined Ca-Al-CO3 
were monitored by a Thermal Gravimetric Analyzer (TGA, Netzsch, STA449) operated 
at a constant heating rate of 15oC/min. All the samples were activated by hot N2 gas 
stream until the weight change percentage [%] levelled at equilibrium point before TGA 
sorption experiment. CO2 sorption capability was recorded at weight change % (noted as 
TG%). The flow rate of gas stream was adjusted at 5, 10, 20, 30, 40, 50 ml/min by a 
mass flow controller. Cycling tests of CO2 sorption and desorption were separately 
accomplished at 650-750oC for 60 min in pure CO2 and at 750oC for 30 min in pure N2 
stream. CO2 capture conversion (X) of CaO-based sorbent on was calculated according to 
the following formula(8): 
 
 
 
 
……………………………………………Formula (I) 
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where W0 was the stable sample weight after hot N2 activation; Wn - W0 was CO2 
sorption capacity of sample at the nth adsorption; CCaO was calcium oxide concentration 
calculated from ICP results. 
3.  Results and discussion  
Characterization of sorbent  
Microscopic features of calcined Ca-Al-CO3 LDH with Ca/Al ratio at 1~20 was 
shown in Table 1. Surface area and pore volume was intensely dependent on the 
precursor. For Ca(Ac)2 derived Ca-Al-CO3 LDH, both of them were about 2 times larger 
than that by Ca(NO3)2; for the example of using 7:1 LDH, it was 10 m2/g and 0.011 
cm3/g for Ca(NO3)2, while 17 m2/g and 0.019 cm3/g for Ca(Ac)2. It was likely explained 
by more space remained after calcinations of organic acetate. Furthermore, for 7:1 
Ca(NO3)2 derived Ca-Al-CO3 LDH, the area and pore volume were decreased at 2 times 
for applied hydrothermal treatment, while these properties were increased by Ca/Al ratio 
for Ca(Ac)2. The synthesized Ca-Al-CO3 showed uniform pore characteristic with the 
most of mesoporous properties of pore diameter distribution at 2-6 nm. However, some 
of microporous pore located at 1-2 nm diameter were associated with CO32- (CO2) 
evolution by calcinations treatment. 
The CaO content (wt%) of calcined samples were also shown in Table 1. All of 
Calcium contents were expressed as average values based on one standard deviation by 
three ICP determinations. Commercially available limestone with CaO content labelled at 
about 50~55% was used for testing of CO2 sorption experiment at medium-high 
temperature (9). Thus the candidates were either Ca(Ac)2 or Ca(NO3)2 derived Ca-Al-CO3 
composites with above 5:1 Ca/Al ratio. A considerable content of CaO% of Ca-Al-CO3 
obtained from calcium acetate was probably due to more accessible to neutrality of 
Ca(Ac)2 under basic precipitation condition. Generally speaking, the determined 
concentrations of CaO with weight percent at an average range of 35-62% and 68-73% 
were increased by molar ratio of Ca/Al at 1~5 and 7~20, respectively.  
Table 1.  Microscopic characteristics of hydrothermally treated Ca-Al-CO3 samples 
Precursors Ratio of Ca/Al 
Syn. Temp., 
°C 
CaO, 
% 
Surface Area, 
m2/g 
Pore Volume, 
cc/g 
Pore 
Diameter, 
nm 
Ca(NO3)2 7 30 55 ± 2 10.2 0.011 
 7 80 49 ± 2 5.7 0.007 
 7 100 46 ± 3 5.6 0.007 
 7 150 45 ± 3 5.4 0.006 
 7 200 45 ± 2 5.3 0.005 
2.0-6.1 
 
Ca(Ac)2 1 30 35 ± 1 15.2 0.008 
 3 30 55 ± 1 15.7 0.012 
 5 30 62 ± 2 16.5 0.017 
 7 30 68 ± 2 17.3 0.019 
 13 30 70 ± 2 18.6 0.020 
 20 30 73 ± 3 19.8 0.023 
2.4-6.4 
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Fig. 1 showed the SEM image of calcined Ca/Al carbonates obtained from different 
precursors. As seen from these figures, both of LDHs had unique sheet-like appearance 
regardless of which kinds of calcium reactants. Calcium acetate derived LDH (b) with 
smaller particle sizes and more pore characteristics represented a host accessible sites 
available for gas mass transfer and was beneficially for CO2 evolved from continually 
alternative replacement on this surface. 
 
 
 
 
 
 
 
 
 
 
The PXRD patterns of Ca/Al carbonates obtained from different hydrothermal 
temperature were shown in Fig. 2. It was indicated that two typical basal signals for (003) 
and (006) planes of Ca/Al LDH were identified only when the sample was either with 
room temperature synthesis or calcined at temperature lower than 400°C(10), which were 
assigned to PXRD pattern with the 2 theta value at about 10.5 and 20.2 degree, 
respectively. This layered structure with specific rhombohedral symmetry of 
hydrotalcite-like structure (L1, L2) was missed and two major oxides of Ca(OH)2, 
CaCO3 and minor Al2O3 were coexisted for the samples calcined at temperature higher 
than 600°C. The mixed oxides with host structure comprising of CaO, Al2O3 and 
intercalated carbonates were formed by calcination of LDH template, which was  
incorporated with Ca+2, Al+3 and CO32- under alkaline conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. SEM imagines of calcined Ca/Al carbonates by different precursors:  (a) Ca(NO3)2 and (b) Ca(Ac)2.
Figure 2. PXRD patterns of 7:1 Ca/Al carbonates obtained at different conditions (T1= 
synthesized temperature; T2= calcined temperature): (a) T1= 200 °C, T2= 600 °C; (b) T1= 25 
°C, T2= 600 °C; (c) T1= 25 °C, Uncalcined. 
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Investigation of CO2 sorption capacity  
  
Fig. 3 showed the sorption curves of CO2 on Ca(Ac)2 derived Ca-Al-CO3 with 
different Ca/Al ratios. This figure demonstrated that CO2 sorption capacity rapidly 
reached the equilibrium level at about 5 minutes for all sorbents. The carbon capture 
capacities was saturated at 13%, 32%, 45%, 52%, 61% and 67% w./w. for Ca/Al ratios at 
1, 3, 5, 7, 13 and 20, respectively. According to the Formula I, CO2 capture conversion 
was corrected by determined CaO%, which was corresponding to 34-110% conversion 
with Ca/Al ratios at 1-20. However, as seen in Fig. 3, CO2 capture conversion was 
increased relatively to Ca/Al ratio, while levelled at higher ratios of 7-20. The Ca/Al 
ratios should be controlled at 7-20 for Ca-Al-CO3 with an average value of CaO at 68-73 
%wt., which was considered as consistent results for synthesized sintering-resistant CO2 
sorbent(11).  
Fig. 4 showed the influence of TG% change on response time of sorbent at different 
CO2 flow rates. CO2 capture activities was quickly raised to the equilibrium level and 
kept at 48-52% if CO2 flow rate was more than 30 ml/min, while it was less-sensed and 
asymptotically upgraded at 5-20 ml/min.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It was assumed that CO2 loading amount on sorbents should be repeatable and 
sustainable as long as preservation of the composition and structure of Ca-Al-CO3. Thus 
the cycling stability of CO2 re-adsorbed on spent sorbent was evidently a crucial 
parameter(12,13). Fig. 5 showed the long-term capturing performance of CO2 at 750°C by 
7:1 Ca-Al-CO3. The result indicated 96% recovery at 40th capture-and release cycles, 
which also implied only 4% loss for irreversible recovery. This clearly demonstrated that 
Calcium, Aluminium and the other cations provides an extended 3D structure like of 
M+2-O-M+3, which acts as a spacer for secluding the vicinities of nascent CaO. In 
addition, carbonates occupied inside of Ca-Al-CO3 are size-selectively sites available for 
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Figure 3 (Left). CO2 sorption capacity with Ca(Ac)2 derived Ca-Al-CO3 at different Ca/Al ratios: (a) 1:1, (b) 
3:1, (c) 5:1, (d) 7:1, (e) 13:1 and (f) 20:1.  
Figure 4 (Right).  CO2 sorption curves on 7:1 Ca(Ac)2 derived Ca-Al-CO3 at different CO2 flow rates 
(ml/min) at 750 oC. 
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allocated carbon dioxide repeatedly replacement. Particularly, the developed Ca-Al-CO3 
shows a high CO2 capture performance with 90% conversion remained after 100th 
cycling experiments. The average value of CO2 capture capacities is 45% w./w. obtained 
from 50% w./w. at the first single cycle and kept at 90% average conversion to nearly 
100 cycles. Thus the de-carbonation performance of Ca(Ac)2-Al-CO3 was estimated to be 
45-folds of used sample weight after one-hundred cycling tests in TGA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.  Conclusions 
A layered material named Ca-Al-CO3 was synthesized by incorporating calcium 
acetate, aluminium nitrate and carbonate ion under alkaline condition. This material was 
characterized by different analysis techniques for the establishment of its microscopic 
properties. The concentrations of CaO was determined at an average value of 49% for 
Ca/Al at 1~5 and of 70% for Ca/Al at 7~20. In this study, the best choice of calcium ion 
precursor was Ca(Ac)2 instead of Ca(NO3)2, which exhibited 95% and 80% of CO2 
sorption recovery after 40th cycling tests, respectively. Acetate-derived Ca-Al-CO3 
showed 90% conversion at 100th cycles and the de-carbonation performance was 
estimated to be about 45-folds. 
Figure 5.  CO2 sorption tests with 7:1 Ca(Ac)2 derived Ca-Al-CO3 at 40 capture-and release cycles.  
(Experimental condition: adsorption temperature 750 oC for 60 min, CO2: 50 cc/min; 
desorption temperature 750 oC for 30 min, N2: 50 cc/min) 
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